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Spectroscopists are constant ly faced with the task of improved spectral 
resolution. Two points are of major interest: (i) The precise frequency 
of the quant ized transit ion and (ii) the detect ion of new neighbor ing 
transitions. Besides experimental  factors the ult imate spectral resolu- 
tion is determined by the inherent l inewidth of the transition. Optical 
spectroscopists have to deal with di f ferent l ine-broadening processes; 
for instance with the Doppler effect or with col l is ion broadening in 
gases, with dephasing processes in condensed systems and with the popu- 
lation relaxat ion which results in the natural l inewidth. 
In recent years, di f ferent novel techniques have been devised which 
provide spectral resolut ion beyond the transit ion linewidth. For in- 
stance, Doppler broadening can be el iminated by saturat ion spectroscopy 
or by two counter-propagat ing beams for two-photon transit ions/I / .  Even 
measurements beyond the natural l inewidth have been performed taking bi- 
ased signals from the f luorescent decay /2-5/. Techniques have been pro- 
posed where the di f ference between the decay rates of the two states 
rather than their sum determines the l inewidth /6,7/, and narrowing of 
the natural l inewidth by decaying-pulse excitat ion has been discussed /8/. 
Very recently, we have demonstrated substantial  line narrowing of 
Raman type transit ions in condensed phases /9-11/. The lines were broad- 
ened by vibrat ional  dephasing. New information was obtained in congested 
spectral regions. 
Theory 
In a transient experiment the spectral resolut ion is not l imited by the 
l i fet ime of the invest igated levels, but is determined by the specif ic 
experiment. Under favorable condit ions the observed line may become 
substant ia l ly  narrower than the spontaneous width measured in a steady- 
state experiment. We have treated an ensemble of two-level systems of 
frequency di f ference ~0 using the density matr ix formalism. Of importance 
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are the time constants of the system. The populat ion of the upper level 
decays with the damping constant T I and the of f -d iagonal  elements relax 
with the dephasing time T 2. The latter determines the l inewidth of homo- 
geneously broadened transit ions in stat ionary experiments, A~spont=I/~T2 . 
Quite generally, we may write I/T2=I/2TI+I/Tph, where Tph is related to 
pure phase disturbing processes. 
The spectral  resolut ion may be improved beyond the limit imposed 
by the spontaneous l inewidth ~spont  by coherent transient interaction. 
between the electromagnet ic  fields and the atomic system. We introduce 
an observable quantity, the expectat ion value of the transit ion operator 
<r>. It has been shown that <r> obeys the equation of a damped harmonic 
osci l lator  with dr iving force A(t) /12,13/. 
"" 2 
<r> + T~ <r> + ~0 <r> ~ A(t) (I) 
Introducing plane waves for A(t) and <r> with slowly varying amplitudes 
propagat ing in the x-direct ion we write: 
= I/2 A(t) exp(- i~t + ikAX) + c.c. (2) 
<r> = I/2 R(t) exp(- i~t + ikRX) + c.c. (3) 
and obtain 
8_~R + ~i(~ -~) + I~R = KA(t) (4) 
~t L 0 T2J 
< stands for a proport ional i ty  constant, ~ is the momentary frequency 
of the transit ion amplitude. During the excitat ion process we have ~=9, 
i.e. the system is driven off resonance by £~ = ~ -~. Eq. (4) is readi ly 
0 
integrated to give 
R(t,A~) = ~e-t/T2 ~ e (i£~+I/T2)t' A(t')dt' (5) 
At this point we wish to specify the invest igat ion we have in mind. We 
deal with v ibrat ional  transit ions in molecular  liquids. In this case, 
the transit ion ampl itude <r> corresponds to the expectat ion value of the 
operator q of the vibrat ional  coordinate. The molecular  system is f irst 
coherent ly excited by the st imulated Raman process and the coherent 
v ibrat ional  excitat ion is subsequent ly monitored by a properly delayed 
long probe pulse. The Hamil tonian for the molecular  system may be wr i t ten 
in the form /13/: 
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H : H o _ 21 q E (~-~)3~ hi EhEi (6) 
h,i 
3~ where (7 )  is the Raman susceptibi l i ty which couples the vibrat ion with 
the electr ic field E. The subscripts h,i refer to a coordinate system 
which is fixed to the symmetry axes of the individual molecules. The 
force exerted by the electromagnetic field E on the vibrat ing molecules 
is: 
I o~ EhEi A = Z (~-~) h, i (7) 
h,i 
In our experiments we excite our molecular system by two light pulses. 
The electr ic fields of the laser pulse, EL, and the Stokes shifted pulses, 
ES, have the frequency dif ference ~ = VL-~S, the frequency of the driving 
force. 
We recall that the propagat ion of the light pulses and the inter- 
action with the vibrat ing molecules are descr ibed by Maxwell 's  equation 
which leads to the nonl inear wave equation 
I 32  4~ 3 2 pNL (8) 
2 3t 2 (z2E) - 2 AE 
c c 3t 2 
U denotes the refract ive index of the medium and the nonl inear polari -  
sation pNL couples the l ight fields and the vibrat ional  mode. Under simple 
condit ions we have for the Raman process: 
pNL 3~ = N(~)  <r> E (9) 
where N stands for the number density of molecules. In the probing pro- 
cess the vibrat ional  mater ia l  excitation, R(t), and the electr ic field of 
the probe pulse, Ep, generate a scattered Stokes (and anti-Stokes) wave 
ES2. It has been shown that Eqs. (8) and (9) give Eq. (I0) /13/: 
3Es2 
R(t) E (t) (10) 
3x p 
Exper imental ly  we observe the t ime- integrated scattered intensity IS2 
as a function of time delay T D between the excit ing and the probing pulse. 
Very recently we have demonstrated that coherent probe scatter ing 
may lead to sub- l inewidth resolut ion of Ra~an transit ions /9-11/. Short 
excitat ion and prolonged interrogation (SEPI) was used. The method is 
shown schematical ly in Fig. 1. A short driving force A(t) at a frequency 
(i.e., two pulses E L and E S with v = VL-V S) near the resonance ~o of the 
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The short excitation and prolonged interrogation (SEPI) tech- 
nique. (a) A short driving pulse, A(t), excites the exponenti- 
ally decaying transition amplitude R(t). (b) The transition 
amplitude R(t) is interrogated by a long pulse E giving rise 
to the scattered pulse Es(t). P 
quantum system generates a transition amplitude R(t) (see Fig. la). The 
driving force has a short duration or is switched off raPidly at t=O. 
After the excitation the exponentially decaying transition amplitude R(t), 
oscil lating freely at u0, is investigated by a prolonged probing pulse 
at frequency Up. A pulse with suitably shaped amplitude Ep(t) generates 
= ±u. The frequency the scattered signal Es2(t) with frequency US2 Up 
spectrum of the scattered intensity is observed. IS2(uS2) has the form: 
IS2(~$2 ) ~ !~dt Es2(t) e i~S2t 2 
2 
~ e ieS2t  E ( t )R( t )  e - i (UP±~)tdt  (11) 
j _~  P 
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A~ = ~S2-~p±~0 and t e = tp2/(T2×41n2) and using a Gaussian Introducing 
shape Ep(t) = Ep0 exp(-((t-TD)/tp)221n2) for the delayed probing pulse 
we obtain at late delay time T D a Gaussian shaped spectrum centered at 
the frequency ~ ±~ : p 0 
Is2(TD,A~ ) = e -2TD/T2 - "(te/tp )241n2 x 
t 12 × ~ e iA~t e-~t-te/tp)3221n2 dt 
-T D 
(12) 
For a long delay time T D the width of the observed spectrum is only de- 
termined by the durat ion of the probing pulse. For a suff ic iently long 
pulse, tp > 1.4 T 2, the SEPI lines are narrower than the spontanous 
width. 
The probing with longer pulses and at later times T D leads to a loss 
of scattered signal (see Eq. (12)). we have calculated the peak intensity 
of the scattered signal as a function of spectral narrowing. We find a 
signal reduction of approximately 106 for a narrowing of four. These 
values are experimental ly feasible. 
Experimental  System 
The short dephasing times in molecular  l iquids require picosecond pulses 
in order to measure SEPI spectra, we use excit ing pulses with a band 
width of = 10 cm -I tuned in steps over a larger frequency range. For each 
excitat ion band the coherent spectrum was recorded by a spectrograph with 
suff ic ient resolution. Fig.2 shows the schematic of our experimental  
system. At the top, l .h.s.,a single frequency doubled pulse from a mode- 
locked Nd-glass laser system enters the figure. This pulse of frequency 
~I = 18,990 cm -I is split in three parts by two conse- 
secutive beam splitters. The pulse in beam I passes through the polarizer 
PI and the sample, but is blocked by the polar izer P2 in its straight 
path. In the center beam 2 of Fig.2 a new frequency ~S is produced in 
the generator by a st imulated Raman process. Changing the medium of the 
generator one readily obtains pulses of d i f ferent frequencies ~S" These 
pulses are blocked by the polar izer P2 and are spectral ly monitored by 
spectrograph SP2. On account of the transient generat ion process the 
pulses of frequency ~S are shorter in duration than the incident pulses 
9L by a factor of approximately three /14/. The two pulses of the beams 
I and 2 enter s imultaneously the sample coherently excit ing molecular 
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Fig. 2 Schematic of the experimental  system used for the study of 
SEPI spectra of liquids. Beam splitters BS, var iable and fixed 
delay VD and FD, polarizers PI and P2, blocking fi lter F, 
spectrographs SPI and SP2, used in conjunct ion with optical 
spectrum analysers OA. 
vibrations via transient st imulated Raman scatter ing at frequency 
v = VL-V S. In the optical path 3 a delayed pulse with polar isat ion per- 
pendicular to the pulses of I and 2 is produced. This third pulse inter- 
acts with the coherently excited molecules of the sample producing a 
Raman shifted signal pulse. Using Stokes scatter ing the three pulses 
travel col l inearly through the sample. When anti -Stokes scatter ing is 
used, the probing pulse crosses the beam direct ion of the excit ing pulses 
at the phase matching angle. The spectrum of the coherently scattered 
light is studied by a 2 m spectrograph SPI and a cooled optical  spectrum 
-I 
analyser OA. The experimental  system has a resolut ion of 0.2 cm per 
-I 
channel and an absolute accuracy of the frequency scale of 0.4 cm 
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Exper imenta l  Resu l ts  
We have per fo rmed SEPI  measurments  us ing a number  of o rgan ic  and anor-  
ganic  l iquids.  F i rs t  we present  resu l ts  on l iquid CH3CCI3,  where a s ingle 
Lorentz ian  shaped Raman l ine exists  at 2939 cm -1. Second, we compare the 
-I spontaneous  Raman spect rum of CCI 4 at 460 cm wi th  a SEPI  spectrum. 
Third,  we show resu l ts  on l iquid C6H12, where  broad and over lapp ing  l ines 
-I occur  between 2850 and 2940 cm , in the common spontaneous  Raman spec- 
trum. 
A. L iqu id  1.1.1. T r i ch lo roethane  
-I 
In F ig .3 we show the Raman band of a CH3-s t re tch ing  mode at 2939 cm 
of l iqu id CH3CCI  3 measured  w i th  a s tandard  laser Raman spectrometer .  The 
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Fig. 3 Spontaneous  Raman spect rum (solid curve) and coherent  p rob ing  
(SEPI) spect rum taken at tD=18.5 ps. The CH3-s t re tch ing  mode 
of CH3CCI  3 is invest igated.  Note  the nar row SEPI spectrum. 
-I 
Lorentz ian  shaped l ine so l id  curve) has a bandwidth  of A~spont = 4.3 cm 
Quite  d i f fe rent  is the bandwidth  of the coherent  p rob ing  (SEPI) spect rum 
taken at a de lay  t ime of t D = 18.5 ps. Now we f ind a bandwidth  of 
A~co h= 2.0 cm-1; i.e., we have a spectra l  nar rowing  of a factor of two. 
-I 
The f requency  of the Stokes shi f t  of the SEPI spect rum is 2938.2 cm in 
-I agreement  w i th  the spontaneous  va lue of 2939 cm In this exper iment  
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the pulse duration of the excit ing and the probing pulse ~:S 5 ps and 
10 ps, respectively. 
B. Carbon Tetrachlor ide 
The natural abundance of chlorine, 35CI:37CI = 75.5:25.5, lead to 
five components of CC14: 32.5% C35C14 , 42.2% C35C1337C1, 20.5% C35C12 , 
C35C137C13, and 0.4% C37C14 . As a result, the symmetric v ibrat ional  4.4% 
-1 
mode ~i(ai) at 460 cm consists of four major components /15/. The spon- 
taneous Raman spectrum of Fig.4 shows, indeed, four peaks, the intensity 
of which is in good agreement with the distr ibut ion of the four major 
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Fig. 4 Raman spectra of the ~I mode of l iquid CCI 4. (a) Polar ized 
spontaneous Raman spectrum, instrumental  resolut ion 0.5 cm -I. 
(b) SEPI spectrum of CCI 4. Instrumental  resolut ion I cm -I 
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molecular  species. The di f ferent Raman lines in Fig.4a overlap strongly 
-I 
inspite of the high resolut ion of the Raman spectrometer of 0.5 cm 
The individual Raman lines are broadened by the dephasing time T 2 = 6.Ops,  
which gives rise to the observed width ~spont  = I/~cT2 = 1.8 cm -I /16/. 
The SEPI spectrum of the same vibrat ional  mode of CCI 4 is depicted 
in Fig.4b. In this case the sample was excited for approximately 7 ps by 
a laser pulse and a second Stokes shifted pulse (~L-~S = 458 cm-1). Under 
these condit ions the two neighbor ing major molecular  components are 
strongly excited and give rise to the observed strong scatter ing spectrum. 
The data of Fig.4b were obtained with long probing pulses of tp= 20 ps 
and at a delay time of 40 ps. We point to the sharp lines in the SEPI 
spectrum which are narrower than A~spon t in the spontaneous spectrum of 
Fig. 4a. The depicted l inewidths in Fig.4b are determined by the l imited 
spectral resolut ion of the spectrometer. 
C. Liquid Cyclohexane 
As another example for the short exci tat ion and prolonged interro- 
gation (SEPI) technique we present Raman data of cyclohexane in the small 
frequency range between 2850 cm -I and 2940 cm -I. In Fig.5b the polar ized 
spontaneous Raman spectrum is depicted. This spectrum was taken with an 
-I 
Ar + laser and a Raman spectrometer with a resolut ion better than I cm 
The three strong Raman bands correspond to CH-stretching modes and the 
diffuse spectrum between 2860 cm -I and 2920 cm -I is considered to be due 
to over lapping overtones and combinat ion modes which are enhanced by 
Fermi resonance with the fundamentals /17,18/. 
In Fig.5c we show three SEPI spectra on an expanded scale (factor 
3.7). Each spectrum was obtained by a single laser shot. On the r.h.s. 
we present the sharp SEPI band corresponding to the CH-stretching mode 
at 2923 cm -I. The small l inewidth of 2.3 cm -I al lows to determine the 
peak posit ion accurately to 2922.0 ± 0.7 cm -I. We note that the SEPI band 
is considerably smaller than the corresponding band in the spontaneous 
Raman spectrum of Fig.5b, the latter being asymmetric on account of 
-I 
other smaller Raman transit ions. The Raman transit ion at 2923 cm was 
excited using ethylene glycol, (CH2OH)2, in the generator cell of Fig.2. 
The SEPI spectrum of Fig.5c, middle, shows four Raman transit ions. 
Lines as close as 2.5 cm -I are clearly resolved. The four transit ions 
are hidden under the wing of the strong Raman band at 2923 cm-1; they 
cannot be detected in the conventional  Raman spectrum of Fig. 5b. The 
SEPI spect rum is obtained by using an excit ing pulse ~S with a frequency 
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Fig. 5 Experimental  results of short excitat ion and prolonged interro- 
gation (SEPI) spectroscopy of C6H12. (a) Frequency range of 
the various generator l iquids used in the experiment. (b) Pola- 
rized spontaneous Raman spectrum of C6H12 recorded with a reso- 
lution of I cm -I. The frequency posit ions of the resonances 
found in SEPI spectra are marked by vert ical  lines. (c) Three 
SEPI spectra taken with di f ferent generator liquids. New Raman 
lines are detected and the spectral resolut ion is improved. 
(Note, the frequency scale of c is 3.7 times larger than the 
one of b). 
band extending from 2900 cm -I to 2920 cm -I (dimethyl sulfide, C2H6S, in 
the generator). 
In Fig.5c, l.h.s., we depict a SEPI spectrum obtained after excita-  
-I 
tion by a v S pulse by a spectral band width extending from 2875 cm to 
2890 cm -I (propylene oxide, C3H60). We find two dist inct  Raman bands at 
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2877.5 cm "I and 2887 cm -I. The band at 2877.5 cm -I has never been re- 
ported previously. It is buried in the dif fuse part of the conventional  
Raman spectrum (see Fig. Sb). 
-I A final assignment of the new Raman lines between 2870 cm and 
-I 2920 cm has not yet been made. Inspection of the lower fundamental 
modes suggest overtones and combinat ion modes in this frequency range. 
-I Of special interest is the new Raman line at 2912 cm which coincides 
precisely with an infrared active mode of the molecule. It appears that 
we observe here a Raman forbidden mode. 
Addit ional  Observat ions and Comments 
The fol lowing points are relevant for the appl icat ion of the SEPI tech- 
nique: (i) The frequency posit ions of the observed Raman lines are in- 
dependent of the excitat ion condit ions since we observe freely relaxing 
molecules. We have tested this notion by excit ing our sample with narrow 
or with broad pulses of similar central frequency v S. This experiment is 
readi ly performed using di f ferent media in the generator cell. The ad- 
vantage of a broad frequency spectrum of the incident pulse is to pro- 
vide initial condit ions for several Raman transit ions in congested fre- 
quency regions. One can observe several Raman lines with one shot (see 
Fig.5c, middle). (ii) In SEPI experiments the excit ing and interrogating 
pulses should not overlap temporar i ly in order to avoid the generat ion 
of a coherent signal via the nonresonant four-photon parametr ic  process. 
For this reason, the delay time of the third probing pulse has to be 
suff ic ient ly large. One roughly estimates delay times of t D= 20 to 25 ps 
for dephasing times T 2 = I ps and Gaussian probing pulses of 8 ps dura- 
tion. The SEPI spectra are observed with good accuracy, approximately 
five orders of magnitude below the peak value at t D=O.  (iii) The maxima 
of the SEPI spectra are not proport ional  to the Raman scatter ing cross- 
section, since the init ial condit ions of the excit ing pulses and the T 2 
times are important parameters for the observed magnitude of the gene- 
rated signal. SEPI spectra taken for d i f ferent delay times allow an 
est imate of the dephasing times T 2 . (iv) The frequency precis ion of 
the generated Stokes spectrum depends Upon the frequency stabi l i ty of 
the interrogat ing pulse. For highest accuracy the frequency VL has to be 
measured s imultaneously with the SEPI spectrum. Interrogat ing pulses 
with a chirped frequency spectrum give unwanted shifts of the SEPI spectra 
and should thus be avoided. (v) The scatter ing process may also be per- 
formed on the anti -Stokes side of the spectrum. The disturbing inter- 
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ference found in stationary CARS spectroscopy does not occur for the 
delayed probing used with the SEPI spectroscopy /9,19/. (vi) A simul- 
taneous measurement of the coherent Stokes and ant i -Stokes SEPI spectra 
allows to el iminate the effect of a chirped probing pulse. In this way, 
the absolute frequency posit ion is obtained with high accuracy /9/. 
Concludin@ Remarks 
The data presented in this art icle convincingly show the usefulness of 
the short excitat ion and prolonged probing technique. It is possible to 
obtain molecular  information which are not found by other exist ing spec- 
troscopic techniques. 
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